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The recently discovered spin Hall magnetoresistance effect electrically probes pure spin current
flow across a ferrimagnetic insulator/normal metal bilayer interface. While usually the DC electrical
resistance of the bilayer is measured as a function of the magnetization orientation in the magnetic
insulator, we here present magnetoimpedance measurements using bias currents with frequencies
up to several GHz. We find that the spin Hall magnetoresistance effect persists up to frequencies of
at least 4GHz, enabling a fast readout of the magnetization direction in magnetic insulator/normal
metal bilayers. Our data furthermore show that all interaction time constants relevant for the spin
Hall magnetoresistance effect are shorter than 40 ps.
PACS numbers: 72.25.Mk, 72.25.Pn, 75.47.-m, 75.70.Tj
The spin Hall effect (SHE) and its inverse describe
the interconversion of charge and spin currents [1]. The
SHE thus is of key importance for a broad variety of spin
current-based and spin-caloritronic phenomena, such as
the spin Seebeck effect [2–8], spin pumping [9–15], and
spin Hall magnetoresistance [16–20]. Hereby, it is gener-
ally assumed that the spin Hall physics are independent
of frequency up to tens or hundreds of GHz. Moreover,
even optically detected voltages at THz frequencies [21]
have been interpreted in terms of the inverse SHE. Such
a fast response of the spin Hall effect appears reasonable,
since microscopic models attribute the SHE to spin-orbit
coupling. However, an experimental investigation of this
conjecture has not been put forward to our knowledge to
date.
In order to critically test the presumed frequency-
independence of spin Hall physics in the GHz frequency
range, spin Hall magnetoresistance (SMR) experiments
as a function of frequency appear particularly attractive.
The SMR arises in ferromagnetic insulator/normal metal
(FMI/N) [22] bilayers. A pure spin current is sourced
from the charge current flowing in the normal metal by
the SHE. Depending on the orientation of the magneti-
zation of the FMI with respect to the spin polarization
of the spin current, this spin current can or cannot prop-
agate across the interface into the insulating ferromag-
netic layer. This results in a characteristic dependence of
the resistance of the normal metal on the magnetization
orientation in the adjacent magnetic insulator, although
no electrical current flows through the FMI. Owing to
this mechanism, the SMR exhibits a characteristic de-
pendence on the magnetization orientation in the FMI,
which is qualitatively different from anisotropic magne-
toresistance in bulk polycrystalline FM metals [16–19].
Moreover, the SMR depends quadratically on the spin
Hall angle θSH [20], i.e. on spin Hall physics. The SMR
thus is very sensitive to a possible change of the spin Hall
effect viz. the spin Hall angle θSH with frequency. Fur-
thermore, experiments as a function of the AC current
frequency allow for testing of the viability of the SHE for
high-frequency all-electrical spin current generation, and
for SMR-based fast readout of the magnetization orien-
tation of an insulating ferromagnet, which is desirable for
use in spintronic devices.
In this work, we perform magnetoimpedance measure-
ments by applying an AC charge current with frequency
f to a yttrium iron garnet/platinum (YIG/Pt) hybrid
bilayer, and investigate how the resistance R(f,M) of
the hybrid changes both as a function of frequency, and
as a function of the orientation of the magnetization M
in the YIG film. Our data, recorded at room temper-
ature, invariably exhibit the evolution of the resistance
with magnetization orientation characteristic of SMR for
charge current frequencies from DC to 4GHz. In other
words, the magneto-resistive response of our YIG/Pt hy-
brid (viz. the SMR effect) does not depend on frequency
to within experimental accuracy up to frequencies of at
least 4GHz.
The YIG/Pt bilayer was prepared by growing a 55 nm
thick YIG film on a (111)-oriented single-crystalline
gadolinium gallium garnet substrate using laser-MBE
[19, 23]. Without breaking the vacuum, the sample was
subsequently transferred to an electron beam evapora-
tion chamber and a Pt film with a thickness of 4 nm
was deposited onto the YIG. More details on the sam-
ple preparation procedure are given in Ref. [19]. For the
experiments discussed here, we diced a rectangular piece
with lateral dimensions of 2×1.3mm2 from the as grown
sample.
To measure the impedance of this YIG/Pt sample up
to GHz frequencies, we integrate it into a coplanar waveg-
uide (CPW) structure. The latter has a characteristic
impedance of 50Ω and thus allows for the propagation
of a high frequency charge current in a broad frequency
range. The CPW structure was patterned onto a printed
circuit board (PCB) as shown in Fig. 1(a,b). The width
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FIG. 1. (color online) (a,b) YIG/Pt bilayer bridging a gap
in the Cu center conductor of a coplanar waveguide (CPW)
structure shown in (a) top view, (b) cross-sectional drawing
along the center conductor. The dimensions shown are in
mm.(c) The equivalent electrical circuit model used to de-
scribe the YIG/Pt bilayer on the CPW.
of the center conductor of the CPW is 1.5mm, with a gap
of 0.2mm to the ground planes. The AC current is in-
jected using a surface mount mini-SMP connector at one
end of the CPW structure. The CPW is short-circuited
at the other end. The center conductor is interrupted
by a 1.5 × 1.5mm2 square gap in the PCB board. The
YIG/Pt bilayer is attached to the CPW structure with
the Pt facing down toward the copper of the CPW cen-
terline using silver glue, bridging this gap, as shown in
Fig. 1(a,b). Since the sample that is integrated in this
way into the CPW structure constitutes a load that is
not equal to the system impedance Z0 = 50Ω, part of
the AC current is reflected at the sample. Measuring
this reflection allows us to extract the impedance of the
sample.
The CPW/sample chip is then inserted into the mag-
netic field of a rotatable electromagnet. We mounted the
sample chip in three different ways (see Figs. 3(a, e, i)):
In the in-plane (ip) configuration, the magnet rotation
axis is parallel to the film normal, so that the magnetic
field is always in the plane of the YIG/Pt bilayer. The
magnetic field direction is parametrized by the angle α
between the charge current direction and the magnetic
field direction. In the oopj configuration the rotation
axis of the magnetic field is in the plane, parallel to the
current direction, with the angle β between the magnetic
field and the film normal. This results in a magnetic
field that is rotated from an out of plane orientation to
an in plane orientation relative to the bilayer. In the
oopt configuration, the rotation axis lies in the film plane,
perpendicular to the current direction. The magnetiza-
tion direction is represented by the angle γ between the
magnetic field direction and the film normal. For a (DC)
SMR-like behavior [17, 19], we expect a cos2(α)-like resis-
tance modulation with amplitude R1 on a constant offset
R0 upon rotating the magnetization in the film plane:
Rip(α) = R0 +R1 cos
2 α . (1)
The ratio
R1
R0
=
2θ2SHλ
2
SDρt
−1Gr tanh
2( t
2λSD
)
1 + 2λSDρGr coth(
t
λSD
)
(2)
depends on the spin Hall angle θSH, the resistivity ρ of
the Pt, the spin diffusion length λSD, the real part of
the spin mixing interface conductance Gr [20], and the
thickness t of the Pt film. As usually done in the lit-
erature [16–19], we here take all of these parameters as
constants, independent of frequency and magnetic field.
We furthermore assume that θSH is purely real. For the
oopj rotation, we expect
Roopj(β) = R0 +R1 cos
2 β , (3)
where β defined as sketched in Fig. 3(e). In the oopt
rotation, the SMR is independent of the magnetization
orientation [20] with
Roopt = R0 +R1 . (4)
To establish a reference for the AC resistance measure-
ments, we first measured the DC resistance as a function
of the magnetic field orientation at a fixed magnetic field
magnitude µ0H = 0.6T for all three magnetic field ro-
tation configurations. In these experiments, a constant
bias charge current is applied to the CPW strip with a
Keithley 2400 sourcemeter, and the resistance is calcu-
lated from the voltage drop.
In a second set of experiments, we measured the com-
plex reflection coefficient S11 with an Agilent N5242A
vector network analyzer (VNA) as a function of frequency
f = ω/(2pi), and as a function of the magnetic field ori-
entation angles α, β, and γ. Again, the magnetic field
magnitude hereby was 0.6T. More precisely, for each
measured magnetic field orientation, the frequency of
the VNA microwave drive signal is swept, and the corre-
sponding S11(ω) recorded. Then the magnetic field is ro-
tated to the next orientation, S11(ω) is recorded, etc. We
calibrate the RF circuitry using a set of homemade cal-
ibration standards consisting of a CPW structure iden-
tical to the one on which the sample is mounted, but
3without a sample on it (open), another with bond wires
connecting the center conductor to the ground plane di-
rectly at the interruption of the center conductor (short),
as well as one with two 100Ω high-frequency resistors
bridging the gap to ground on either side before the gap
in the center conductor, resulting in a 50Ω load. Refer-
ence measurements with these calibration standards al-
low us to calibrate the signal path up to the sample po-
sition. Ideally, after subtraction of the calibration data,
the S11 measured with the sample chip then only reflects
the properties of the YIG/Pt sample.
The measured complex scattering parameter S11 (cor-
rected using the calibration data) is converted to the
complex impedance Z of the sample via [24]
Z(ω) =
Z0(1 + S11(ω))
1− S11(ω)
, (5)
where Z0 = 50Ω is the characteristic impedance of the
system. The measurement of the impedance of the sam-
ple via the S11 scattering parameter has two advan-
tages: firstly, compared to a transmission measurement
the slope of
S11(Z) =
Z − Z0
Z + Z0
(6)
is steeper near the characteristic impedance Z0, leading
to a higher measurement sensitivity. Secondly, this mea-
surement is easier to calibrate, requiring only one set of
open, short and load calibration measurements and elim-
inating the need of a through calibration measurement
[25]. To extract the magnetization orientation depen-
dent resistance R of the YIG/Pt bilayer from the com-
plex impedance, we use the circuit model sketched in
Fig. 1(c). L and C hereby are an inductance and a ca-
pacitance, respectively, taken as frequency independent
constants. This model is consistent with models applied
to surface mount resistors [26]. The impedance of this
L-R-C circuit shown in Fig. 1(c) is given by
Z(ω) =
1
R
(
C2ω2 + 1
R2
) + i(ωL− Cω
C2ω2 + 1
R2
)
. (7)
In a first step, we calculate Z(ω) from the measurement
data via Eq. (5). We then simultaneously fit ℜ(Z) and
ℑ(Z) with Eq. (7), using R, L, and C as fit parame-
ters. Since at higher frequencies resonance phenomena
occur, which cannot be reproduced by the equivalent cir-
cuit model, only the part of Z(ω) with ω/(2pi) < 3GHz
is included in the fit. This is exemplarily illustrated in
Fig. 2, where the real and imaginary parts of the com-
plex impedance as well as the fit according to Eq. (7)
(green line) are plotted for the measurement with the ex-
ternal field in the film plane. For both the oopj and oopt
rotation (i.e., the rotations of the magnetic field from
in- to out-of-plane) the data and fit look very similar.
For all 3 rotation planes we find that C = 2 × 10−13 F
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FIG. 2. (color online) The real and imaginary parts of the
complex impedance Z(ω) recorded for µ0|H| = 0.6T and
α = −90◦ in the ip rotation measurement. Both are fitted
simultaneously with Eq. (7) (green line), yielding the capaci-
tance C = 0.2 pF and inductance L = 1nH of the equivalent
circuit of Fig. 1(c).
and L = 1 × 10−9H consistently describe the data. We
did not find L or C to be magnetization orientation de-
pendent. The parameter R is found from the fit to be
R = 97Ω, corresponding to the measured DC resistance
of the device.
The total resistance R consists of two components: the
resistance R0 of the Pt film which is independent of fre-
quency and magnetic field, and R1, which is magnetiza-
tion orientation dependent. The (possible) frequency de-
pendence of R1 is the key focus of this paper. R1 can be
taken as small compared to R0, because the magnetore-
sistance ratios R1/R0 measured in YIG/Pt are smaller
than 10−2 [16–19]. Using L and C, we can in a sec-
ond step calculate the magnetization orientation depen-
dent resistance from the measured impedance by solving
Eq. (7) for R:
R(ω, {α, β, γ}) =√
L2ω2 − |Z(ω, {α, β, γ})|2√
C2ω2 (|Z(ω, {α, β, γ})|2 − L2ω2) + 2LCω2 − 1
. (8)
R(ω, {α, β, γ}) includes the frequency and magnetic field
independent DC resistance R0 of the platinum and the
magnetization orientation dependent resistance R1.
In Fig. 3, we show the AC magnetoresistance obtained
from our measurements for the three rotation planes.
This figure is organized as follows: there are 4 panels
for each rotation plane, respectively: in (a,e,i) we show a
sketch of the measurement geometry for the three rota-
tion planes and the rotation angle of the external mag-
netic field. In (b,f,j) we show the frequency dependent
resistance averaged over all N magnetization orientations
studied in a given magnetic field rotation plane
R˜(ω) =
1
N
N∑
i=1
R(ω, {αi, βi, γi}) (9)
as a function of AC current frequency.
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FIG. 3. (color online) Frequency dependent resistance for the ip, oopj, and oopt rotation planes. Panels (a,e,i) show a sketch
of the YIG/Pt bilayer and the external magnetic field relative to the applied bias current direction. α parametrizes the angle
of the magnetic field in the ip rotation, β in the oopj rotation, and γ in the oopt rotation. Panels (b,f,j) show R˜ (Eq. (9)) from
frequencies of DC to 8GHz for the respective magnetic field rotations. Panels (c,g,k) show the resistance modulation ∆R with
respect to AC current frequency and the corresponding magnetic field rotation angles at a constant external magnetic field of
µ0|H| = 0.6T. Panels (d,h,l) show ∆R as a function of the respective rotation angles at different, fixed frequencies: DC (black
line), 1GHz (red line), 2GHz (green line), 3GHz (blue line), 4GHz (light blue line). The ∆R curves are offset for clarity.
Panels (c,g,k) show the resistance modulation ∆R,
∆R(ω, {α, β, γ}) = R(ω, {α, β, γ})− R˜(ω) , (10)
as a function of both frequency and magnetic field angle
in a false color plot, while ∆R traces recorded at selected
frequencies are depicted in panels (d,h,l).
Due to calibration issues for ω/(2pi) > 3GHz, the re-
sistance calculated from Eq. (8) diverges at certain fre-
quencies corresponding to standing wave resonances aris-
ing from reflections at the interface of the CPW structure
and the sample. These background oscillations are sup-
pressed in ∆R, which makes it possible to plot ∆R in
the false color plots of Figs. 3(c,g,k) using the same color
code over the whole frequency range used in experiment.
We first analyze the change in DC resistance as a func-
tion of the magnetization orientation. The black lines in
Figs. 3(d,h,l) show the change in resistance ∆R(DC) for
µ0|H| = 0.6T as a function of the angle. The character-
istic cos2(α)-dependence of Eq. (1) is clearly evident in
Fig. 3(d) as well as the expected cos2(β) type modulation
of Eq. (3) for the oopj rotation in Fig. 3(h). In the latter
case, the cos2(β) modulation is not ideal, due to shape
anisotropy, which prevents the magnetization from fully
aligning with the applied magnetic field when it is not in
the sample plane (β = 0◦ corresponds toH along the film
normal). Last but not least, for a rotation of the 0.6T
magnetic field in the oopt rotation plane, the resistance is
constant (Fig. 3(l)), as expected from Eq. (4). Thus the
observed angular dependence is the one expected from
the SMR effect according to Eqs. (1)-(4). The DC resis-
tance R0 = 97Ω and a resistance modulation amplitude
R1 = max(∆R)−min(∆R) = 0.083Ω yield a MR ratio of
R1/R0 = 8.6 × 10
−4. Using the parameters θSH = 0.11,
λSD = 1.5 nm, Gr = 4 × 10
14Ω−1m2 [19, 27] and the
thickness of the Pt film of t = 4nm, one expects a DC
SMR magnitude of R1/R0 = 7.7× 10
−4 from Eq. (2), in
good agreement to the MR ratio measured experimen-
tally.
We find that the phenomenology of the magnetoresis-
tance observed does not change when making the tran-
sition from DC to AC bias currents. In the ip rotation
of the external magnetic field, shown in Fig. 3(c), we
find a modulation of the resistance with a cos2(α) de-
pendency, regardless of the AC current frequency, up
to at least 4GHz. Similarly, the oopj data (Fig. 3(g))
show a cos2(β) dependency, while in the oopt orientation
(Fig. 3(k)) the resistance is independent of magnetization
orientation. In Figs. 3(d,h,l), we compare the change in
resistance with respect to the applied magnetic field an-
gle at DC as well as 1GHz, 2GHz, 3GHz, and 4GHz
AC currents: the curve shape and the amplitude of the
modulation is the same, irrespective of frequency. Qual-
itatively, this modulation persists at frequencies higher
than 4GHz. However, due to the homemade calibration
standards and CPW structures, the resistance extraction
becomes increasingly unreliable above 4GHz. We there-
fore attribute the slight decrease of the resistance modu-
lation amplitude at higher frequencies to imperfect cali-
5bration or circuit design issues, rather than a frequency
dependence of the mechanisms governing the SMR ef-
fect. We thus find that the phenomenology of the SMR
can be described up to frequencies of at least 4GHz with
real, frequency independent values for L, C, R, as well
as θSH, of which only the resistance R is magnetization
orientation dependent.
The fact that the SMR effect persists up to at least
ω/(2pi) = 4GHz means that the interaction time con-
stants τ = 1/ω relevant for the SMR effect are shorter
than 40 ps. Since the SMR requires both the spin Hall
effect and spin torque transfer [20, 28, 29], i.e. spin-orbit
interaction, this can be compared with the spin-orbit in-
teraction time τSO in platinum. In the free electron model
(2piτSO)
−1 is estimated to be in the tens of GHz [30],
and much shorter τSO are inferred from spin injection
viz. spin transport experiments [31]. A constant SMR
magnitude up to tens of GHz thus appears reasonable.
From a more applied perspective, our experiments
show that the SMR can be used to read out the orienta-
tion in a ferromagnetic insulator such as YIG electrically
in no more than 40 ps.
In summary, we have measured the SMR effect in a
YIG/Pt bilayer, using currents with frequencies from DC
up to 8GHz. We can describe our results with a simple
L-R-C circuit model with frequency independent con-
stants, of which only the resistance R is magnetization
dependent. We find a SMR amplitude (magnetoresis-
tance ratio) of 8.6×10−4, which is unaltered from DC up
to frequencies of several GHz. This implies that the spin
Hall physics enabling the SMR effect are frequency inde-
pendent up to frequencies of at least 4GHz. This is con-
sistent with theoretical work proposing that the time con-
stants of the SMR should be governed by the spin-orbit
interaction. Furthermore, our experiments demonstrate
that AC SMR experiments enable an electrical read out
of the magnetization orientation in magnetic insulators
on timescales of a few 10 ps or even less.
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